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ABSTRACT 
Flood frequency estimates for extreme flows outside of the historical record have 
been studied for over 50 years. However, many approaches used for such estimates 
lack precision and have large uncertainties. This is a concern, as accurate flood 
frequency estimates are critical to informing river operation organizations, such as the 
Tennessee Valley Authority (TVA), for risk assessments and dam safety improvement 
projects. The TVA manages 49 dams in the Tennessee River system, necessitating 
extensive monitoring and modeling of the rivers and reservoirs throughout Tennessee 
and parts of surrounding states. Recent studies have highlighted the use of paleoflood 
hydrology as a source of data to extend historical records of extreme floods. This 
method can also be used as a way to verify flows found in historical records. However, 
paleoflood studies in the United States have centered primarily on dry climates in the 
western part of the country, not humid regions such as East Tennessee, where this 
study is located. Like many major rivers in the United States, the rivers studied herein 
have undergone changes due to the construction of dams and residential development, 
which increases the difficulty of considering historical floods in frequency analyses. 
Thus a “Naturals” HEC-RAS model was created to associate historical flood deposits, 
with flows estimated from the model. The model was calibrated to an observed flood 
that occurred when only 3 dams were on the river, allowing closer representation of 
conditions when these paleoflood deposits were created. Rating curves were developed 
for different locations along the Tennessee River by modifying the Naturals model so 
that flood deposits identified in the future can be correlated with a flow-rate. This work 
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demonstrates the need for a better understanding of past floods and how their 
associated flows would route through the current system. These results will be used to 
support future paleoflood studies for the TVA, which will in turn provide more accurate 
flood frequency data. This improved flood frequency data can then be used to improve 
dam safety decisions. Further, this work acts as a proof that paleoflood hydrology 
studies are feasible in the eastern United States. 
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CHAPTER ONE  
INTRODUCTION AND GENERAL INFORMATION 
Flood frequency estimates for extreme flows within river systems are important in 
the design, construction, and management of dams, bridges, and other infrastructure. 
Both over-design and under-design of structures found near rivers can result in 
excessive long-term costs and life safety risks. Design decisions are based on some 
degree of Risk Informed Decision Making which use flood frequency estimates. 
However, these estimates are based upon data collected over a relatively short time 
span, typically less than 100 years. In order to have more precise flood recurrence 
intervals beyond the 1 in 100 probability, flood records need to be more comprehensive 
and include rare events. An innovative strategy for extending the flood record and 
reducing uncertainties related to flood frequency is paleoflood hydrology investigation. 
Paleoflood hydrology is “the study of the evidence of the movement of water and 
sediment” that occurred in channels before recorded observations (Jarrett n.d.). These 
observations extend the historical record to increase flood frequency estimation 
accuracy, an important consideration for dam safety and floodplain management 
decision making. 
The reconstruction of paleofloods has been applied across the world for 
extending flood records (Thorndycraft et al. 2005). Paleoflood deposits are well 
preserved in dry, arid climates, such as the Western United States (Koenig et al. 2016). 
This climate experiences slower weathering and sparse vegetation growth (Koenig et al. 
2016). The majority of paleoflood studies have occurred in the southwest for these 
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reasons (Koenig et al. 2016). However, the number of dams and nuclear reactors 
located in the eastern United States emphasizes the importance of understanding the 
value of paleohydrologic studies in humid locations as well. 
According to the US Army Corps of Engineers National Inventory of Dams (NID), 
there are approximately 87,000 dams in the United States and around “one-third of 
these pose a high or significant hazard to life and property if failure occurs” (FEMA 
2017). The US river system is an extensive, complex network in which one dam failure 
can cause mass destruction downstream. Without accurate estimations of flood 
frequency, the system can be more than adequate in places, but also lacking in others. 
The environmental and economic impacts of major floods emphasize the requirement 
for better understanding of historical paleofloods so that investment decisions are 
improved. 
While the majority of tall dams are found in the western United States, the 
eastern United States contains the bulk of dams, as can be seen in Figure 1. 
Furthermore, the southern United States has the most dams out of the four regions of 
the United States (west, south, northeast, and midwest). In addition to dams, the United 
States has 99 nuclear power reactors, with more expected to be built in the next 4 years 
(WNA 2017). Nuclear plants supplied approximately 20% of the US electricity in the 
year 2016, making them an important component of the power grid (WNA 2017). 
Nuclear sites can be inundated from large flood events and damage would be even 
more severe if a dam were to fail upstream of the reactor. Many of these nuclear 
reactors are also located in the eastern United States as can be seen in Figure 2.  
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Figure 1: National Inventory of Dams National Map (NID). 
 
Figure 2: Map of operating nuclear power reactors in the United States (NRC 2017). 
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The TVA manages 49 dams throughout the Tennessee Valley, along with three 
nuclear power plants, six coal-fired power plants, and numerous other facilities along 
the rivers. With so many of the TVA’s investments being located on rivers and with the 
number of urban centers in the Tennessee River Valley, the importance of 
understanding past floods on these rivers is tremendous. The objectives of this study 
were to: 1) calibrate a hydrology and hydraulics model using historical flood data, 2) 
create stage-discharge rating curves using this calibrated model, 3) associate estimated 
flow rates with the deposit elevations located by a team of geologists, thereby 
investigating the applicability of paleohydrology methods to the Eastern United States.  
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CHAPTER TWO  
LITERATURE REVIEW 
The goal of accurate flow frequency estimates is to inform decisions that protect 
life and property. To make optimal decisions, ample data must be present and 
knowledge of past events must be understood and applied. Data before recorded 
history is typically not considered in such assessments, but paleoflood hydrology offers 
the potential to identify historical extreme events. Understanding the origins and 
concepts of paleoflood hydrology is important for modeling the floods corresponding to 
the deposits identified during geological assessments. Further, understanding frequency 
estimate analyses is necessary to place these paleoflood flows in an overall flood 
frequency curve along with more typical observations that are within recorded history. 
1867 Flood 
In the year 1867, a massive flood causing widespread damage occurred in the 
area of Chattanooga, TN, with a crest around 58 feet above the normal water surface 
level (Harrison 2013). This was before the time of stage recording, but historical records 
show that in the days leading to the flood, areas east of Chattanooga experienced a 
large storm event from March 1-7 (TVA 1961). The runoff was a combination of both 
four days of ceaseless rain and the accelerated snow melt (NWS n.d.). At Chattanooga, 
the river began to rise on March 4 and by March 11th had reached a height of 53 feet 
above low water (NWS n.d.). This storm event is important because the resulting floods 
are the largest known floods on record in the Tennessee River Basin (TVA 1961). 
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Figure 3 and Figure 4 demonstrate the magnitude of the flood of 1867. Both photos 
were taken at the same location, Lookout Mountain, southwest of Chattanooga. Despite 
photographic evidence of the flood, no recurrence interval has been attributed to the 
event due to the lack of long-term records. 
Paleoflood Hydrology 
Paleoflood hydrology uses geological evidence to “reconstruct the magnitude 
and frequency of floods” (Baker and Kochel 1982). The field of paleoflood hydrology 
developed during the 1970s and 1980s as part of a larger, paleohydrology field (Baker 
2008). Paleohydrology is a broad, interdisciplinary field that studies “paleofluminology, 
paleolimnology, paleohydroclimatology, paleohydraulics, and paleohydrogeology” 
(Baker 2008). The term paleoflood hydrology received its formal name in 1982 and has 
since become an international approach for studying flood frequency in numerous 
environments (Baker 2008). Such studies require knowledge in Quaternary geology, 
fluvial geomorphology, hydrologic modeling, and many other areas (Baker 2008). 
Paleofloods are large scale events that leave behind evidence which are 
recorded in natural signs, not by direct observation or measurement (Baker 2008). 
Paleoflood observations include slack water deposits composed of sand and silt left 
behind by large floods, damage to vegetation such as tree scars, high water marks 
including mud, silt, and flotsam, and larger scale evidence such as boulder bars and 
erosion features (Harden et al. 2011) (Baker and Kochel 1982) (O’Connor et al. 2014). 
Data from paleofloods can provide the scale and history of low probability floods, with 
methods being applicable for any period of unrecorded years up to 10,000 years ago   
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Figure 3: Flood of 1867 aftermath taken from Lookout Mountain (Johnson 2017). 
 
Figure 4: Normal water levels of Chattanooga taken from Lookout Mountain. Photo from TVA file. 
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(USBR 2003) (Raff 2013). A disadvantage to paleoflood information is that it is a 
localized estimate, meaning results will vary based on location, requiring that costly and 
time consuming analyses be performed wherever data is desired. 
Probable Maximum Floods 
The Probable Maximum Flood (PMF) is often used as the worst case scenario for 
flooding when designing critical infrastructure including dams and nuclear plants. A PMF 
as defined by the American Meteorological Society Glossary of Meteorology is a “flood 
that can be expected from the most severe combination of critical meteorologic and 
hydrologic conditions that are reasonably possible in a region” (AMETSOC 2012). The 
PMF uses the Probable Maximum Precipitation (PMP), along with “antecedent moisture 
conditions and the initial state of the reservoir”, to determine the estimated magnitude of 
the resultant flood (Ely and Peters 1984). The intention of the PMF is to achieve the 
“largest flood that can reasonably occur” based on the “location of the storm center, 
storm-area size, storm orientation, and temporal arrangement of precipitation amounts” 
(Ely and Peters 1984). 
Dam owners typically choose to use the Probable Maximum Flood (PMF) as the 
worst case scenario when designing high risk structures, developing flood inundation 
maps for emergency action planning, and estimating flood loadings for dam safety risk 
assessments. The problem with the PMF is that protecting against this flood is 
commonly not physically attainable or cost effective (Hurstville 2017). This method does 
not consider other risks or failure modes and PMF events have incredibly low 
probabilities. Decisions based solely upon the PMF can overlook the dams that do meet 
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this flood level, but actually pose more risk from other failure modes that have a higher 
probability of occurring, such as piping or gate failure. In this situation, spending is not 
prioritized well. This absence of risk information presents the need for probabilistic 
models. The TVA has moved into a Risk-Informed Decision Making (RIDM) model in 
order to better inform decision makers and to fund high risk structures instead of 
focusing solely on PMF levels. This method uses more inputs and variables to sum the 
total risk of the structure. Plotting this will show which dams are high risk and low risk to 
aid in prioritizing safety updates. 
As an additional source of information for decision makers, paleoflood estimates 
can also be valuable. Peak paleoflood estimates in previous studies are often lower 
than the PMF records; some estimations of peak paleoflood flows average 7% of the 
PMF, while others have been over 70% (Fenske 2003). This large difference may prove 
that paleoflood hydrology can provide a more realistic understanding of extreme flood 
risk. 
Methods for Frequency Estimates 
Risk Informed Decision Making is not new to the dam safety industry, as the 
Bureau of Reclamation (USBR) has been using RIDM to assess its structures since 
1997 (Snorteland and Dinneen 2007). RIDM analyzes the “benefits and costs of 
potential action or inaction”, by considering the goals and limits of each structure 
(Snorteland and Dinneen 2007). RIDM considers the purpose, including agency mission 
and public safety, and satisfies the limitations, including laws and economics 
(Snorteland and Dinneen 2007). 
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Some critical decisions related to owning and operating dams include safety, risk 
reduction, and prioritizing actions for numerous dams (FEMA 2015). The Federal 
Emergency Management Agency (FEMA) breaks risk into three components: risk 
analysis, risk assessment, and risk management (FEMA 2015). For dam safety, risk is 
composed of the possibility of a load, structural response, and the outcomes of this load 
and response (FEMA 2015). The load could be an earthquake or flood, the structural 
response could be no failure or dam failure, and the outcome could be life loss or 
damages (FEMA 2015). Risk estimates need to be updated regularly to accommodate 
for the ever-changing systems and aging structures. 
It is important to address the uncertainty within decision making. Flood frequency 
curves determine the likelihood of a single loading, but these are based on observations 
and interpolated as needed. The TVA incorporates the Probabilistic Flood Hazard 
Assessment (PFHA) system to improve understanding of flows. This uses updated 
rainfall data, techniques, and tools to increase the confidence of the resulting 
occurrence intervals. Probabilistic analysis approaches contain around 100 years of 
data, often the years of data available are lower and insufficient for estimating past 
floods (USBR n.d.). Also, these records often contain outliers, and from simple analysis, 
it is hard to know whether this is a very rare occurrence or just a “less frequent large 
flood” (USBR n.d.). Paleoflood hydrology can be used to further extend and supplement 
these studies. Many corporations and agencies have started implementing frequency 
estimation tools that include paleoflood data. Paleoflood data extends records and can 
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assist in determining whether extreme outliers in records are rare events or have a 
recurrence and will decrease uncertainty in flood frequency results. 
USGS Work 
A team from the U.S. Geological Survey performed the stratigraphic analysis and 
reconnaissance work in the study area near Chattanooga, TN. They chose the area 
because the “bedrock gorge is a geomorphic setting conducive to flood deposit 
formation and preservation… due to the stability and narrow width of the valley” (Harden 
and O’Connor 2017). Several sites were chosen as having potential to preserve 
stratigraphic records. Boulders provide protection from erosion, precipitation, and 
bioturbation for some sites (Harden and O’Connor 2017). There were also sites located 
in bedrock caves and alcoves, which again provide shelter from weathering process 
(Harden and O’Connor 2017). Using profiles of large floods provided by the TVA as 
guidance, sites within the elevation range often had a layer of up to 2 inches thick of 
micaceous silty sand, indicating the source is from upstream of the Tennessee River, 
not local sediment (Harden and O’Connor 2017). The planar structure of the deposits is 
evidence they settled from a suspended load, in this case, a flood (Harden and 
O’Connor 2017).  
From the reconnaissance level field study, USGS has determined that large 
floods can be preserved and identified along the Tennessee River. The carbon dating 
shows the possibility of extending chronologies as far as 3,000 years (Harden and 
O’Connor 2017). The study area’s “narrow bedrock gorge provides a stable and 
confined hydraulic environment” along with its resistant ridges (Harden and O’Connor 
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2017). Paleoflood modeling may be applicable in this area for the last several thousand 
years (Harden and O’Connor 2017). In this study, these preliminary data collected by 
the USGS and the TVA will be leveraged to better understand how flood frequency 
estimates for the study location may be bolstered by the use of paleoflood methodology. 
Using Paleofloods in Frequency Curves 
To demonstrate how paleofloods can extend and improve flood frequencies, the 
historical peak flow data at an unnamed reservoir within the TVA system were collected 
from the years between 1938 and 2016. These data were put into HEC-SSP 2.1.1 and 
using the Bulletin 17 analysis, which are guidelines for determining flood flow frequency, 
a flood frequency curve was produced (England et al. 2016). The resulting curve is 
found as Figure 5. The y-axis is discharge, which was hidden to avoid confusion when 
incorporating fabricated paleofloods. Using this same peak data, two additional floods 
were invented, one from the year 1600 and the other from 1750. These years were 
randomly chosen, and the flow rates were chosen as values higher than any historical 
peak flow, as can be seen in Figure 6. 
The addition of these two fictional floods, found circled in Figure 6, adjust the 
frequencies of the historical flows. The largest historical flood has a return period of 
about 100 years, but after the addition of the two invented flows this same flow now has 
a return period of less than 50 years. In this way, paleofloods can extend flood records.   
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Figure 5: Frequency plot for recorded data without paleoflood data. 
 
Figure 6: Frequency plot for recorded data extended with two paleoflood discharges. 
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CHAPTER THREE  
MATERIALS, METHODS, AND MODELING 
 One important assumption made in this study is that the channel, surrounding 
floodplains, and watershed have resisted any major changes since the occurrence of 
the paleoflood (Raff 2013). This includes both the geometry and land use. While there 
have been some changes to the channel and surrounding watershed, these cannot be 
reasonably estimated with available data. However, the bedrock channel with its 
resistant valley margins, gives reason to believe that paleoflood studies are applicable 
specifically in the gorge area chosen for this study and described below (Harden and 
O’Connor 2017). A team of geologists from the USGS located the study area in 
southeastern Tennessee with the potential to satisfy the demands of a paleoflood study. 
They led the field work to locate and explore flood deposit sites, and TVA provided 
elevation surveying. The elevations were taken at the top of the study sites from this 
field work. 
Study Area 
 For calibrating the Naturals HEC-RAS model, the whole of the Tennessee River 
and the reaches were utilized. However, specifically for the paleoflood deposits, the 
study area and focal point herein is located west of Chattanooga, TN. This area is called 
the Tennessee River Gorge, which consists of 26 miles of the Tennessee River from 
river mile 456 to 430. It is the fourth largest river canyon east of the Mississippi River 
and is often called “Tennessee’s Grand Canyon” (TNAQUA 2017). Large boulders are 
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dispersed on the steep slopes creating rock shelters, making this an ideal location for 
preserved paleoflood deposits. The site is located on TVA’s Nickajack reservoir. 
Geology of Area 
The formation of the gorge, which has a straight line length of 8 miles, occurred 
when the rock strata were pushed into mountains and valleys 290 million years ago 
(TRGT 2015). The streams entered and carved the land until the mountaintops were 
worn away and became valleys, and the valleys became the mountains (TRGT 2015). 
The original mountains were made from limestone rock which was more susceptible to 
erosion and the valleys were made of sandstone, withstanding erosion, so the 
landforms reversed (TRGT 2015). This resulted in 26 miles of a snaking river (over the 
8 mile straight line length) through a ridge (TRGT 2015). 
The Chattanooga River Gorge intersects the Cumberland Plateau, which is made 
of “gently folded Mississippian and Pennsylvanian carbonate and clastic sedimentary 
rocks” (Harden and O’Connor 2017). The normal river banks are “steep slopes of 
vegetated colluvium” and consist of large sandstone boulders from the Cumberland 
Plateau and carbonate bedrock cliffs (Harden and O’Connor 2017). These cliffs provide 
stability and constriction which are ideal for deposition of sediment. Caves and alcoves 
were formed in carbonate rock at elevations of large floods (Harden and O’Connor 
2017). A generalized geologic map of Tennessee can be found as Figure 7 with the 
Chattanooga River Gorge area circled. 
This is important in regard to looking for paleoflood deposits. Paleoflood deposits 
are typically found in canyons and gorges, where the water becomes constricted. This is 
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Figure 7: Generalized Geologic Map of Tennessee (TDEC n.d.). 
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also an area which provides more assurance that extreme changes in geometry and 
shape have not occurred over the last hundreds of years. Further, as much of the area 
is protected land, there are many areas within the Tennessee River Gorge without 
human disturbance and/or construction. The topography of the area with the flood 
deposit locations indicated by the red circle is shown in Figure 8. They are located north 
of Raccoon Mountain. 
Naturals Model 
 The TVA Naturals model is a hydrologic and hydraulic model generated by the 
removal of all but three dams, Wheeler, Wilson, and Hales Bar Dam, from the model of 
the current river system in order to fit the system of 1936. A storm event from 1936 was 
the basis for the calibration of this model due to the complete stage records along the 
full length of the Tennessee River. The before mentioned three dams were in existence 
during this year along with a number of bridges. This “natural” state is necessary to 
understand paleofloods that occurred prior to most dam construction and significant 
human development. Once the Naturals model was created and calibrated, the 
remaining dams and bridges were removed for a steady run to produce rating curves. 
The calibration of the Naturals model was described within a TVA report: “Creation and 
Calibration of a Natural Flow Model for the Tennessee River Basin” (Kubas and Jawdy 
2017). The following sections include excerpts from the report. The creation sequence 
of the TVA Naturals model is as follows: 
1. Download rainfall and streamflow data for the period prior to TVA recorded 
data.
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Figure 8: The study area located just North-West of Chattanooga, TN, along the Tennessee River (National Geographic). 
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2. Adjust the existing hydrology model by modifying hydrologic lag times and 
reduction of the force in the reaches. 
3. Compare hydrology model results to pre-TVA dams recorded data. 
4. Modify the hydraulics of the Naturals hydrologic model (boundaries, dams, 
and structures). Leave three dams in model per conditions during 1936. 
5. Calibrate the geometry flow roughness factors to fit the modeled storm with 
that from 1936 to produce final Naturals model. 
6. Modify this calibrated Naturals model by removing the dams and structures to 
produce rating curves for undammed system. 
Hydrology 
 To create the naturals model, rainfall and streamflow data were extracted by TVA 
staff from the national Applied Climate Information System (ACIS) for the record 
preceding 1970. Data from rain gages within a 50-mile area of the TVA region and all 
stream gages were downloaded. USGS streamflow gage data was also used to 
supplement the existing TVA data. These outside sources were required because the 
TVA does not have digital records from the time prior to the construction of dams, and 
the last dam was completed in the late 1970s. Only streamflow gages that contain data 
before the construction of the upstream dam were used for the model, to prevent flow 
and stage influence from a dam. To ensure accurate data, quality control was 
performed on the values to flag and review repeated values, daily maximums, and 
jumps in data. 
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 The hydrology of the current TVA model (i.e. the model used in today’s TVA 
operations) was adjusted to more closely resemble historical conditions by altering the 
hydrologic routing lag times between points on the river system. The pre-dam hydrology 
should consist of longer lag times and greater attenuation in the reaches. This is 
because the rivers would have been rougher and more sinuous than a straight and flat 
reservoir. The data did not support flattened unit hydrographs from the increased time of 
concentration, so this was not adjusted in the model. The Naturals hydrologic model 
showed a good fit to the pre-dam observed data. 
Hydraulics 
 Using the Naturals hydrology model, the creation and calibration of the Naturals 
hydraulics model was performed. The model was calibrated to a storm occurring in 
March and April of 1936, when there were only 3 dams and several bridges in 
existence. Wheeler, Wilson, and Hales Bar Dams were built into the model and the 
reach just below the Tennessee-Cumberland confluence was removed at RM -943. 
 An inline structure was added at river mile (RM) 431.1 to represent Hales Bar 
Dam using a TVA reference manual for water control projects. These manuals contain 
dam facts, figures, maps, and other information for multiple TVA projects. Figure 9 
illustrates Hales Bar Dam in the HEC-RAS model. Records of the gate operations and 
flow ratings are not available so the gate settings that best represent historic policy and 
flows are based on institutional knowledge. 
 Inline structures were added at RM 274.9 and 259.4 for Wheeler and Wilson 
Dam, respectively. The geometry and flow ratings were taken from a previous TVA Dam  
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Figure 9: Hales Bar Dam Inline Structure. 
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Rating Curve (DRC) report. Figure 10 and Figure 11 show the profiles for Wheeler and 
Wilson Dam respectively within the HEC-RAS model. The gate settings that best 
represent historic policy and flows are found in Table 1. 
 The boundary conditions were then adjusted and set as follows. A flow 
hydrograph measured at Smithland Lock and Dam was set as the upstream boundary 
for the Ohio River at RM -919. A stage hydrograph measured at Cairo, Illinois, was set 
as the downstream boundary for the Ohio River at RM -493. Local inflows on the Ohio 
River were set to placeholder values. Inflow from the previously described calibrated 
hydrologic model was utilized. Figure 12 shows the location of these inflows and 
boundary conditions. USGS data was used to set observed flow time series at gage 
locations for comparisons between the modeled and observed data. TVA data from the 
March and April 1936 storm were used as the high-water marks. 
Calibration 
Once the hydrology and hydraulics of the model were prepared and adjusted, the 
calibration of the model to the storm could begin. The resulting HEC-RAS Naturals 
model was entered into the TVA FEWS system for a side by side comparison of the 
current system. The model was used to create rating curves for the Tennessee River, 
which were then used for associating flood deposits with flows. 
Inflows from the 1930’s 
 A simulation of river flows during the 1930’s was performed to assess the model 
fit to observed flows. There were no stage records for non-storm periods during this 
time so this decade check could only be performed for storm flows. Given the   
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Figure 10: Wheeler Dam Inline Structure. 
 
Figure 11: Wilson Dam Inline Structure. 
 24 
 
Table 1: Gate settings representing historical operations. 
Variable Hales Bar Dam Wheeler Dam Wilson Dam 
Gate Group Turbines Spillway Turbine
s 1 
Turbine
s 2 
Gate 1 Gate 2 Gate 3 Turbines Spill A Spill B 
Upstream water 
surface 
elevation at 
which gate 
begins to open 
634.1 634.5 515.1 515.15 520 525 530 506.1 506.2 506.4 
Upstream water 
surface 
elevation at 
which gate 
begins to close 
633.9 633.5 514.9 514.85 514.8 514.5 514.4 505.9 505.8 505.6 
Gate Opening 
Rate (ft/min) 
0.004 0.005 0.002 0.005 0.01 0.05 0.05 0.002 0.01 0.05 
Gate Closing 
Rate (ft/min) 
0.004 0.005 0.002 0.005 0.01 0.05 0.05 0.002 0.01 0.05 
Maximum gate 
Opening 
4 19 50 50 15 15 15 30 20.54 20.54 
Minimum Gate 
Opening 
1 0 0.2 0.2 0 0 0 0.5 0 0 
Initial Gate 
Opening 
4 0 2 2 0.1 0.1 0.1 5 0.1 0.1 
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Figure 12: Local inflows from Hydrology model and Ohio River boundary conditions.
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uncertainties between rainfall, flow measurement, and the hydrology, Figure 13 shows a 
favorable fit between the observed and modeled flows. Due to the goodness of fit for 
flow, no roughness adjustments were performed. 
The uncalibrated hydraulic model showed a good fit to observed data, confirming 
a satisfactory hydrology model and reliable inputs to the joined hydraulic model. This 
also confirmed that the dams and boundary conditions were placed in the model 
appropriately. The uncalibrated peak flood profile showed a close fit as well, but also a 
few sections that were not acceptable and required further calibration. 
1936 flows 
The storm used for roughness factor calibration occurred in March and April of 
1936, as described above, with the observed stages taken from TVA historical data. 
The uncalibrated peak flood profile of this event is found in Figure 14. The black points 
are the high water marks recorded from the storm and the blue is the maximum water 
surface from the uncalibrated model. The dams are Wilson, Wheeler, and Hales Bar 
found at RM 259, 275, and 431 respectively. Visually, Figure 14 shows that there are 
only a few locations that required further calibration. 
The calibration required that the peak elevations from the model match those 
from the observed flood. To achieve this, the flow-based roughness factors were 
adjusted within the geometry data. The roughness factors were assigned based upon a 
flow from 0-80,000, 80,000-250,000, 250,000-1,000,000, and >1,000,000 cfs. These 
flow roughness factors were selected by iterating until the model better fit the observed 
data. It was desired that the factors remain between 0.5 and 1.6 and to keep the model  
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Figure 13: Observed versus modeled flow at Knoxville 
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Figure 14: Initial results from the March/April 1936 storm. 
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physically reasonable. The secondary goal was to avoid major transitions between 
roughness factors if possible. The final calibrated profile is found in Figure 15. The final 
roughness factors and the values of the calibrated versus observed profiles are found in 
the Appendix. This result shows a closer fit between the observed and modeled data. 
This calibration was performed by adjusting the roughness factors within the 
geometry, so that it could apply to any future runs on the model. Once the roughness 
factors were adjusted according to the previously mentioned bounds, the data had an 
acceptable fit. The lower river miles showed a boundary condition effect, but this does 
not affect upstream where the flood studies are being performed. There was also some 
difference around RM 300. This is due to the steep slope around the Muscle Shoals 
area and Wheeler Dam, which are difficult to represent accurately without a more 
detailed model. The dam gate settings were adjusted in the attempt to find a closer fit of 
data, but the operating policies are not recorded, so estimating was required. The other 
two problem areas show a closer fit between the observed and modeled data after the 
roughness factors were calibrated. 
Modified Naturals Model 
After the calibration of the roughness factors was completed, the geometry file 
was saved separately to run a steady flow simulation. The reach was shortened to 
contain RM 499.50 through 2.50 and junctions were deleted. Figure 16 shows this new 
model geometry. All of the dams and bridges in the geometry were removed to create a 
natural river. The steady plan file consists of 83 profiles ranging from 10 to 5,000,000  
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Figure 15: Final calibration results of the Naturals model. 
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Figure 16: Extent of model after shortening and other geometry adjustments. 
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cfs. The rating curves for selected river miles are shown in Figure 17. These river miles 
include Chattanooga (464.21), Decatur (334.59), and Savannah (189.92).  
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Figure 17: Rating curves for selected river miles of the Tennessee River. 
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CHAPTER FOUR  
RESULTS AND DISCUSSION 
Associating Deposits with Flows 
 The rating curves resulting from the Naturals model, which exist for over 1,200 
cross sections, can be used to attribute a flow rate to a given historical flood deposit. 
The USGS study described in Chapter 2 explored twelve sites for deposits near 
Chattanooga, TN. For this thesis, the list was shortened by disregarding those locations 
that were not analyzed stratigraphically and whose flows from the calibrated Naturals 
model were below 100,000 cfs. Table 2 lists the selected seven locations by river mile. 
The river mile from the Naturals model closest to the current-day river mile was chosen 
for the flow value to associate with a given deposit. As is seen, the first location had no 
flood deposit. This may be used in future studies as a bound on paleoflood data, as this 
high elevation may imply that there no flood events reached this level. However, the 
lack of flood deposits at this site may be caused by erosion or that the site is not 
suitable for deposits. Figure 18 shows two historic flood profiles from TVA records, 
before the existence of dams, with the deposit elevation marker labeled by the river mile 
found in column one of Table 2. 
 The deposit markers in Figure 18 show that there are potentially two floods 
above the 1867 flood profile. The other floods from elevation 653.9 and down may be 
grouped with either the 1867 or 1875 flood events. Flood deposit dating will need to be 
performed to determine whether these lower deposits are unrecorded floods or the   
 35 
 
Table 2: Calibrated flows sorted by river mile of deposit. 
River 
Mile 
Elevation River Mile used for 
Flow 
Estimated 
Flow 
Notes 
444.81 684.1 444.7 1,267,523 No flood deposit 
found 
445.18 646.25 445.145 373,028  
445.19 653.9 445.145 506,790  
445.35 644.55 445.33 344,509  
445.59a 676.07 445.65 959,606  
445.59b 679.69 445.65 1,054,396  
445.64 651.12 445.65 436,469  
 
 
 
Figure 18: Flood profiles. The elevation of the markers should be read from the left axis of the plot. The 
bottom line represents the channel bed elevation. 
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recorded floods, that is, associated with events from 1867 or 1875. If the dates support 
these being from the 1867 or other recorded floods, these deposits will provide 
evidence that can be used to recreate those floods. 
 To further compare the magnitude of the presumed floods associated with the 
deposits above the 1867 and 1875 profiles, the resulting flows for the two deposits 
located at RM 445.59 were used to create elevation profiles. To accomplish this, the 
elevations for all river miles were interpolated for the steady flow at each deposit 
elevation. These profiles, found as Figure 19, show what the floods could have looked 
like along a larger range of river miles. The maximum estimated flow for a deposit is 
1,000,000 cfs. The flood maximum would have been located above the deposit 
elevation, as the sediment is left behind as the water recedes. Thus, the maximum flow 
rate for the historical flood may have actually exceeded this amount. 
Uncertainty 
 Associating an estimated flow rate to a deposit elevation introduces uncertainty, 
in part because the elevation of the deposit is not always the maximum elevation the 
flood profile reached. The deposits are formed as the flood waters recede and the 
sediment is left behind. The Bureau of Reclamation uses 2 feet above the deposit as 
the disturbance flow, which is the discharge that will cause the sediment to disperse 
(Bauer and Klinger 2010). USBR chose 2 feet of water to make certain any high points 
on the deposit surface would be inundated and to reach fluctuations in peak flow (Bauer 
and Klinger 2010). Figure 20 shows the disturbance flow as compared to the deposit 
site and normal flow of the channel. The wetting flow defined in the figure is the   
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Figure 19: Interpolated flood profiles based on the flow that matches the flood deposit. 
 
Figure 20: Cross-section of channel showing different flow heights in relation to the deposit elevation 
(Bauer and Klinger 2010). 
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discharge that inundates the site, using the elevation at the top of the site (Bauer and 
Klinger 2010). 
Using the guidance of 2 feet above the deposit elevation for disturbance flow, 
Table 3 shows the resulting flows as compared to the wetting flow. From these results, 
as the magnitude of the flow increases, the percent difference caused by an addition of 
2 feet (relative to the wetting flow) increases. These are sizable differences in flows, one 
of them being 9% of the wetting flow. 
A better understanding of wetted flow (those that just inundate the deposit site) 
verses disturbance flows (those that cause site disturbance) for the Tennessee River 
flood deposits will aid in reducing the uncertainty of the flows. Within this thesis, the 
flows used for analysis have been matched to the elevations at the ground surface 
where the deposit was found, not the deposit layer or disturbance flows. When 
extrapolating these data for use in rating curves for frequency estimates, the correct 
flow elevation needs to be understood and used. The water velocity is also as important 
as the elevation above the deposit, because it is the velocity which causes transport of 
sediment. When the velocity is low the sediment settles.  
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Table 3: The flow comparisons, by river mile, of both the wetted flow and the disturbance flow for the 
deposit elevations. 
River 
Mile 
Elevation River Mile 
used for 
Flow 
Wetting 
Flow (cfs) 
Disturbance Flow 
(cfs) 2 ft above site 
elevation 
Percent 
Difference 
(%) 
445.18 646.25 445.145 373,028 404,983 8.57 
445.19 653.9 445.145 506,790 547,942 8.12 
445.35 644.55 445.33 344,509 375,552 9.01 
445.59a 676.07 445.65 959,606 1,009,890 5.24 
445.59b 679.69 445.65 1,054,396 1,109,341 5.21 
445.64 651.12 445.65 436,469 470,996 7.91 
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CHAPTER FIVE  
CONCLUSIONS, RECOMMENDATIONS, AND NEXT STEPS 
Flood frequency estimations for extreme flows are critical to informing river 
operation organizations such as the TVA. Paleoflood hydrology has been a proven way 
of extending historical flood records using evidence left behind by extreme floods. This 
work shows the need for more knowledge of past floods and how to use this knowledge 
to inform current TVA system operations. Once we understand this extension of 
historical records, more accurate flood frequency data will be available to improve dam 
safety project decisions. This work also serves as proof that paleoflood hydrology 
studies are feasible in the eastern United States. Specifically, the humid climate in East 
Tennessee is very different from the dry climates present in most areas where these 
studies have taken place. Still, the methods appear applicable, paving the way for 
further study. 
The Naturals hydraulics model was successfully calibrated using historical flood 
data. Uncertainty from this model stems from a lack of historical stage and flow 
information as very little information exists from the time period before dams were in 
existence (pre-1930s). Rating curves were created from modifying the calibrated 
Naturals model, by removing the dams. These curves will aid associating flows with 
deposit elevations for future paleoflood studies on the Tennessee River. Using the 
calibrated Naturals model and the resulting rating curves, the deposit elevations located 
by a team of geologists were associated with an associated flow and compared to two 
known floods, whose stage profiles are recorded, in the Chattanooga section of the 
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river. This work supports the hypothesis that the TVA can use paleoflood data to check 
and extend their flood records. 
In future studies, output from the Naturals model needs to be associated back to 
the current state of the regulated system. This will be accomplished by associating flow 
rates to historical paleoflood deposit elevations and creating the storm that produced 
the flows. Then those same storms must be run through the current system. The results 
will allow an understanding of what water elevations could be reached should a given 
paleoflood happen today. Once dating of deposits is completed, the regulated 
elevations, discharges, and dates can be used with Bulletin 17C to create flood 
frequency profiles. These new flood frequencies will be more informed with the 
additional information provided by paleofloods, allowing better risk assessments for the 
TVA system. 
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Table 4: Roughness factor values. 
 Roughness Adjustment 
River Reach River 
Miles 
Flow Roughness Factor 
Tennessee Holston-
LilTenn 
652.22 to 
607.485 
0 
80000 
250000 
1000000 
1.0 
1.0 
1.0 
1.0 
Tennessee Holston-
LilTenn 
607.133 
to 601.1 
0 
80000 
250000 
1000000 
1.1 
1.1 
1.3 
1.3 
Tennessee LilTenn-
Clinch 
601.095 
to 593.78 
0 
80000 
250000 
1000000 
1.2 
1.2 
1.4 
1.4 
Tennessee Clinch-
Hiwassee 
593.336 
to 567.7 
0 
80000 
250000 
1000000 
1.0 
1.0 
1.0 
1.0 
Tennessee Clinch-
Hiwassee 
567.695 
to 533.45 
0 
80000 
250000 
1000000 
1.0 
1.0 
1.0 
1.0 
Tennessee Clinch-
Hiwassee 
533.095 
to 500.45 
0 
80000 
250000 
1000000 
1.2 
1.3 
1.4 
1.5 
Tennessee Hiwassee-Elk 499.50 to 
472.316 
0 
80000 
250000 
1000000 
1.1 
1.1 
1.2 
1.2 
Tennessee Hiwassee-Elk 472.055 
to 461.57 
0 
80000 
250000 
1000000 
1.3 
1.4 
1.5 
1.6 
Tennessee Hiwassee-Elk 461.44 to 
445.65 
0 
80000 
250000 
1000000 
1.6 
1.6 
1.6 
1.6 
Tennessee Hiwassee-Elk 445.49 to 
431.135 
0 
80000 
250000 
1000000 
1.4 
1.4 
1.4 
1.4 
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Table 4. Continued. 
 Roughness Adjustment 
River Reach River 
Miles 
Flow Roughness Factor 
Tennessee Hiwassee-Elk 430.94 to 
403.67 
0 
80000 
250000 
1000000 
1.2 
1.2 
1.2 
1.2 
Tennessee Hiwassee-Elk 403.145 
to 
307.242 
0 
80000 
250000 
1000000 
1.0 
1.0 
1.0 
1.0 
Tennessee Hiwassee-Elk 306.755 
to 284.1 
0 
80000 
250000 
1000000 
0.75 
0.75 
0.75 
0.75 
Tennessee Elk-Ohio 283.9 to 
279.662 
0 
80000 
250000 
1000000 
0.75 
0.75 
0.75 
0.75 
Tennessee Elk-Ohio 279.485 
to 
274.951 
0 
80000 
250000 
1000000 
1.2 
1.2 
1.3 
1.4 
Tennessee Elk-Ohio 274.89 to 
259.39 
0 
80000 
250000 
1000000 
1.2 
1.2 
1.2 
1.2 
Tennessee Elk-Ohio 258.8 to 
217.24 
0 
80000 
250000 
1000000 
1.2 
1.2 
1.3 
1.4 
Tennessee Elk-Ohio 216.8 to 
207.18 
0 
80000 
250000 
1000000 
1.0 
1.0 
1.0 
1.0 
Tennessee Elk-Ohio 206.69 to 
191.97 
0 
80000 
250000 
1000000 
1.0 
1.1 
1.1 
1.4 
Tennessee Elk-Ohio 189.92 to 
135.25 
0 
80000 
250000 
1000000 
0.9 
0.9 
1.0 
1.2 
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Table 4. Continued. 
 Roughness Adjustment 
River Reach River 
Miles 
Flow Roughness Factor 
Tennessee Elk-Ohio 134.92 to 
101.95 
0 
80000 
250000 
1000000 
0.7 
0.7 
0.8 
0.9 
Tennessee Elk-Ohio 100.30 to 
49.57 
0 
80000 
250000 
1000000 
0.7 
0.7 
1.2 
1.4 
Tennessee Elk-Ohio 49.0475 
to 25.31 
0 
80000 
250000 
1000000 
1 
1 
1.5 
1.5 
Tennessee Elk-Ohio 25.0166 
to 20.3 
0 
80000 
250000 
1000000 
1.4 
1.4 
1.5 
1.6 
Tennessee Elk-Ohio 19.7775 
to 2.50 
0 
80000 
250000 
1000000 
1.5 
1.5 
1.5 
1.5 
Ohio Above-
Cumberland 
-919 to -
919.3 
0 
80000 
250000 
1000000 
1.0 
1.0 
1.0 
1.0 
Ohio Cumberland-
Tenn 
-927.77 
to -
932.00 
0 
80000 
250000 
1000000 
1.0 
1.0 
1.0 
1.0 
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Table 5: Calibrated profile versus observed data. 
River 
Mile 
Computed 
Water 
Surface (ft) 
Observed 
Water 
Surface 
(ft) 
648.25 818.06 821.5 
647.77 817.59 820.8 
646.063 815.67 818.6 
645.576 815.06 818 
645.09 814.38 817.7 
643.89 812.51 816 
642.83 811.43 815 
640.635 810 812.1 
636.555 807.04 806.3 
635.095 805.82 804.6 
634.6 805.41 804.4 
633.5 804.73 800.7 
631.41 801.34 798.5 
629.31 798.82 796.6 
627.15 797.39 794.2 
625.28 796 793.1 
622.58 791.39 789 
618.94 786.25 785.2 
616.937 784.83 781.8 
614.68 782.79 778.4 
613.013 780.85 776.9 
611.86 779.13 774.9 
609.376 774.2 770.7 
607.485 768.25 768.4 
605.601 762.96 766.6 
603.943 759.63 765 
603.114 757.82 764.5 
601.7 756.39 763.4 
599.46 754.89 760.8 
598.04 753.59 759.5 
596.62 752.58 757 
594.845 751.12 755.7 
593.336 750.04 754 
592.004 749.03 752.3 
590.03 747.72 750.1 
587.922 746.21 746.8 
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Table 5. Continued. 
River 
Mile 
Computed 
Water 
Surface (ft) 
Observed 
Water 
Surface 
(ft) 
585.27 744.52 743.8 
582.607 743.38 742 
581.01 742.32 739.4 
577.8 740.6 736.3 
576.194 739.98 733.7 
575.145 737.76 733.4 
573 732.81 730.8 
571 730.75 728.7 
569.815 730.16 726.8 
568.52 729.7 725.8 
565.47 727.93 722.6 
561.307 724.67 719.6 
558.645 721.44 717.4 
556.515 719.07 715.8 
553.32 716.9 713.3 
551.2 715.59 712.4 
549.07 714.57 711.2 
545.52 712.63 709.4 
543.39 711.56 707.9 
542.68 711.21 706.9 
539.145 709.62 704.9 
537.375 708.4 703.5 
535.915 707.41 702.6 
533.095 703.78 700.9 
530.96 699.26 699.4 
530.603 699.05 699.3 
530.246 698.86 699.4 
528.148 697.52 697.2 
526.745 696.69 696.4 
524.99 695.66 695.2 
523.24 694.73 694.2 
521.84 694.11 693.1 
520.083 692.97 691.9 
518.33 691.58 690.7 
516.23 690.28 689.1 
513.07 688.3 687.2 
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Table 5. Continued. 
River 
Mile 
Computed 
Water 
Surface (ft) 
Observed 
Water 
Surface 
(ft) 
510.97 687.02 685.6 
508.14 685.57 684 
505.34 684.11 682.3 
502.901 682.7 680.1 
501.35 680.92 678.8 
499.5 679.33 677.4 
497.822 678.27 676 
493.592 675.67 674.1 
489.93 674.19 672.3 
485.476 672.6 670.9 
483.62 671.67 669.4 
481.52 670.47 667.8 
478.78 669.08 666 
476.125 667.95 663.7 
473.627 665.35 662.9 
471.793 662.85 661.8 
470.8 661.75 661.4 
468.18 659.99 660 
466.1 658.72 658.7 
464.49 657.93 658.2 
464.35 657.87 658.2 
462.97 656.71 657.5 
461.93 655.85 657.1 
460.24 654.47 655.8 
458.5 652.73 655.2 
456.97 651.63 654.4 
454.79 649.83 653.6 
452.67 648.2 652.2 
450.64 644.04 648.4 
448.8 643.65 646 
446.5 643.61 643.7 
444.7 643.58 642.4 
442.66 643.55 642 
440.64 643.52 641 
436.83 643.47 640.3 
435.04 643.46 640 
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Table 5. Continued. 
River 
Mile 
Computed 
Water 
Surface (ft) 
Observed 
Water 
Surface 
(ft) 
432.52 643.46 639.7 
431.4 643.45 639.7 
431.33 643.45 621 
428.91 617.57 619.7 
426.9 616.07 618.9 
424.86 615.43 617.6 
421.545 613.71 615.8 
419.44 612.65 614.1 
417.862 611.74 613.3 
416.28 610.82 612.4 
414.608 609.65 611 
412.607 608.54 610.1 
408.405 606.2 608.2 
407.88 605.92 608 
406.297 605.06 606.8 
404.72 604.32 605.7 
403.67 603.72 605.1 
401.045 602.37 603.9 
399.47 601.61 603 
397.36 600.61 601.7 
395.26 599.72 600.4 
392.635 598.54 598.6 
390.532 597.5 597.8 
388.95 596.25 596.9 
387.9 595.82 596.2 
386.322 595.11 595.1 
384.32 594.28 594.6 
382.64 593.54 593.7 
381.065 593.02 592.7 
378.44 591.29 591.6 
376.865 590.68 590.7 
375.285 590.12 590 
373.705 589.54 588.8 
372.13 588.91 587.8 
370.03 588.1 586.5 
367.92 586.55 585.3 
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Table 5. Continued. 
River 
Mile 
Computed 
Water 
Surface (ft) 
Observed 
Water 
Surface 
(ft) 
365.82 585.23 584.4 
363.72 584.16 583.1 
361.62 582.9 582.1 
359.51 581.35 581 
356.885 580.08 580.5 
354.26 578.83 579.7 
352.682 577.79 579.1 
350.045 576.15 578.3 
346.94 574.81 577.1 
345.91 574.46 576.2 
341.885 573.44 575.3 
339.825 572.71 575.1 
338.257 572.36 574 
335.052 571.33 572.7 
332.028 570.3 571.1 
329.503 567.74 570.2 
328.47 566.14 569 
326.887 565.21 568.2 
325.28 564.61 567.8 
323.22 563.63 567.2 
321.725 562.85 565.8 
321.21 562.63 565.8 
319.24 562.03 564.7 
317.39 561.58 563.9 
316.07 561.18 563.1 
313.83 560.66 562.1 
312.57 560.39 561.3 
311.005 560.06 560.3 
309.012 559.77 559.3 
307.242 559.61 558.2 
306.267 559.46 557 
303.205 559.05 556 
301.66 558.93 555.3 
299.412 558.8 554.1 
298.101 558.71 553.3 
297.54 558.66 552.9 
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Table 5. Continued. 
River 
Mile 
Computed 
Water 
Surface (ft) 
Observed 
Water 
Surface 
(ft) 
294.311 558.29 551.1 
291.919 556.51 549.8 
289.8 554.52 548.1 
287.537 552.79 547.5 
286.264 552.18 547.3 
284.1 551.48 547.1 
280.725 548.06 547 
276.738 547.98 546.9 
275.013 547.98 546.8 
274.951 547.98 506.1 
260.346 507.11 504.8 
259.97 507.1 427.6 
256.815 425.63 425.5 
255.01 423.38 423.5 
253.305 421.1 421.9 
251.72 419.26 420.8 
249.6 417.3 418.5 
246.895 414.99 416.3 
244.16 412.91 414.3 
241.88 411.22 412.2 
239.4 408.57 410.1 
236.25 405.18 407.6 
233.75 402.5 406 
231.375 399.69 404.9 
228.292 398.28 403.8 
225.28 397.05 402.2 
223.44 396.51 401.4 
221.44 395.77 400.7 
219.37 394.95 399.9 
217.24 394.15 399.3 
215.1 393.47 398.6 
210.71 392.28 396.5 
208.655 391.32 395.1 
206.69 391.07 393.8 
206.283 390.95 393.5 
205.47 390.59 393 
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Table 5. Continued. 
River 
Mile 
Computed 
Water 
Surface (ft) 
Observed 
Water 
Surface 
(ft) 
200.42 388.9 391.4 
198.02 388.17 390.8 
196.964 387.96 390.6 
195.38 387.73 390.1 
193.73 387.46 389.5 
191.457 387.13 389.4 
189.92 386.78 388.6 
186.286 385.95 388.2 
184.665 385.65 387.9 
182.568 385.08 387.6 
178.912 384.2 386.4 
177.884 383.73 385.9 
172.12 381.76 384.6 
169.976 381.05 384.2 
167.376 380.21 382.9 
164.8 379.35 382.3 
163.225 378.79 381.9 
161.26 378.11 380.9 
158.51 376.99 380.2 
155.39 375.9 379.2 
150.902 373.21 377.9 
148.524 372.54 376.7 
146.465 371.88 376.2 
142.725 371.1 375.1 
140.718 370.58 374.3 
139.17 370.17 373.8 
137.56 369.71 373.3 
135.25 369.06 372.6 
133.37 368.8 371.7 
131.17 368.2 371.2 
127.622 367.28 370.4 
124.43 366.77 368.7 
122.325 366.33 368.1 
120.03 365.92 367.6 
118.198 365.63 367.3 
116.662 365.39 366.5 
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Table 5. Continued. 
River 
Mile 
Computed 
Water 
Surface (ft) 
Observed 
Water 
Surface 
(ft) 
115.063 364.98 366.2 
112.04 364.15 365.1 
110 363.38 364.6 
106.623 362.25 363.6 
104.97 361.97 363.1 
100.85 360.25 361.4 
99.284 359.85 360.6 
96.71 359.04 360.2 
94.615 358.47 359.7 
90.4233 357.36 358.3 
88.315 356.74 357.3 
86.2166 356.24 356.7 
82.134 355.14 355.4 
80.24 354.71 354.8 
78.4 354.37 353.9 
76.255 353.77 353.2 
74.71 353.32 352.7 
72.62 352.74 352.1 
70.0775 352.22 351.4 
68.232 351.83 350.7 
66.678 351.4 350.6 
64.47 350.92 349.8 
62.14 350.1 348.7 
60.004 349.45 348.5 
58.4566 348.95 347.6 
56.3825 348.2 347.2 
54.405 347.45 346.5 
52.468 346.65 346.2 
49.57 345.83 345.3 
47.48 345 345.1 
44.826 343.93 344.3 
42.2166 342.99 343.3 
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